Abstract -Peltier current lead was proposed to reduce heat leak from the current lead. The temperature of the hot side of semiconductors was kept to be a room temperature and the liquid nitrogen was used to cool the system in the experiment. The experiment confirmed the principle of the Peltier current lead, and the reduction of the heat leak is calculated to be 30 % for the liquid helium system and 40 % for the liquid nitrogen system. We also proposed a new current lead system which is composed of semiconductors and high temperature superconducting material (HTS). This idea bases on the functionally gradient material (FGM), and the HTS is connected to the semiconductor directly.
I. INTRODUCTION
Peltier current lead was proposed, and the P-type and Ntype semiconductors made of BiTe were kept at the hot side of room temperature side in the demonstration experiment. The temperature difference between the high and low temperature sides of the semiconductors was around 100 K, which confirmed the principle of the Peltier current lead [ 11. A superconducting magnet system includes a room temperature power supply and a low temperature magnet, which creates a temperature difference in the electric circuit. This can be dealt with by using an thermoelectric element take the Peltier current lead. Analyzing and numerical calculations gave theoretical results that confirmed the original experimental findings [2] . While liquid nitrogen was used as a coolant in the experiment, resulting in a Manuscript received October 21, 1997. 40 % reduction in the heat leak from the current lead, the estimated reduction in a liquid helium superconducting system would be about 30 %. If the system did not use a coolant, the Peltier current lead would be even more effective.
Electric power consumption increases when the semiconductors are inserted, but the efficiency of the electric power is improved ten times because the heat leak is reduced and the efficiency of refrigerator is low. Since A cooling system is not cheap, the Peltier current lead can reduce not only the running costs but also the instrument costs of the system. It has an active element, i.e. its thermoelectric effect. Moreover, since the thermal conductivity of BiTe is only 0.3 to 0.5 % that of copper around room temperature, so even if the current of the current lead is zero, the heat leak is reduced. This is a passive effect.
A high temperature superconductor (HTS) has recently been used in so-called HTS current leads [3] . It is a passive element, i.e. the thermal conductivity of HTS material is currently about 0.1 % that of the copper below 77 K, reducing the occurrence of the heat leak from 77 K to the temperature of liquid helium. The conductivity of HTS is of the same order as that of the semiconductor in this temperature range. While BiTe is a good semiconductor material near room temperature, i.e. a BiTe semiconductor offers low thermal conductivity, high electrical conductivity and high thermoelectric power, other semiconductors andor multistage elements are needed because the low temperature side of the semiconductor reaches around 200 K in the maximum temperature difference operation. BiSb is a good Ntype semiconductor material in low temperatures and it is connected with HTS [4] . BiSb also has a magnetic field effect, so its performance improves [4] when a magnetic field is applied.
A number of HTS materials has been developed and studied and Bi-2223 is one of the best HTS material for the current lead. All materials of the semiconductor and HTS are, therefore, based on Bi alloy designed for temperature from room temperature to 77 K. Yamaguchi et a1 [5] proposed a new current lead concept based on functionally gradient material (FGM).
0-7603-4057-4197 $10.00 01997 IEEE Low temperature experiments were needed to realize this concept. We conducted and analyzed these low temperature experiments, where the hot temperature side of the semiconductors was set at the temperature of liquid nitrogen. Figure 1 shows the experimental device. We used liquid nitrogen to keep the temperature constant, on the hot temperature side of the semiconductors which were connected to the immersed copper plate electrodes by low temperature solder. The semiconductors were set in a vacuum vessel with a vacuum of 2 . 0~1 0 -~ torr for thermal insulation. The N-type semiconductor, made of BiSb, was 12 mm diameter and 10 mm length, the P-type semiconductor, a made of BiTe, and has a cross section of 13x 13 mm and the length of 10 mm. The transport coefficients of these semiconductors and the copper near 77 K are listed in Table 1 , a the thermoelectric power, K the thermal conductivity and 11 the electrical resistivity. The thermal conductivity of copper is increases with a decrease in temperature and reaches about 1200 W/m/K near 20 K. The thermal conductivity of the semiconductors decreases with the decreasing temperature but no more than 30 %. The electrical resistivity of copper decreases with a decrease in temperature and reaches Cry os tat perature without reaching saturation. Since the low temperature sides of the two semiconductors are connected by a flexible copper cable, its temperature is lower than that of the liquid nitrogen. The performances and the cold temperatures of BiTe and BiSb are different from each other, but this difference is not so big because the thermal conductivity of the copper cable is high. Temperatures were measured by Type C thermocouples, directly connected to the electrodes by the low temperature solder, and voltages were measured by the thermocouples cable. Electrical current is controlled by the power supply with an accuracy of 3 digits. Figure 2 shows the voltages of the semiconductors at different currents. The voltages were fairly proportional to the currents. The semiconductor resistance accounted for the main part of their inclines. Others, small factors were the electrode contact resistance measured at 3 to 6 @, the copper electrode resistivity is quite small (see Table 1 ) and the thermoelectric voltages can be estimated from Table 1 . These estimations indicate that the main part of the inclines come from the resistance of the semiconductors. The estimated semiconductors resistances was 132 @ for BiTe and 83 pi2 for BiSb. Figure 3 shows the measured temperatures of the semiconductors at different currents. Measured in the center of the copper plate electrodes, the lowest temperature of BiTe was occurred at a current of 30 to 40 A, while the lowest temperature of BiSb did not materialize over the current range of our experiment. The temperature difference between the hot and the cold side was greater with BiSb than with BiTe, which makes BiSb a better material for the temperature range of our expen- given by where T, is the temperature of the cold side i.e., Th is the temperature of the hot side, almost 77 K in our experiment; and qc is the heat flux to the cold side. The other parameters are de-
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where Ke is the thermal conductance, re is the electrical resistance, 2 is the figure of merit, S is the cross section area of the semiconductor, and 1 is its length. The optimum current was calculated to use Table 1 , and was about 43 A for the BiTe and 140 A for the BiSb. The temperature of the cold side of semiconductor is a function of current and given by where I is the current of the semiconductor. In order to calculate the temperature of the cold side, we assumed the followings; where Rint is the total resistance of the cold side of the semiconductors.
We measured the voltage of the copper cable in the experiment, and the result is Fig. 4 . Rint could be estimated as 38.8 pi2. Having determined the other parameters of Eq. (5) based on the coefficients of Table 1 , we could finally calculate the temperature of the cold side of the semiconductors at different currents. See Fig. 5 . The lowest temperature of BiTe was obtained at a current of 30 A, while the lowest temperature of BiSb had not been obtained at the upper end of the current range of our calculation, While the graphs of the measured temperatures in Fig. 3 are very much like the graphs of the calculated temperature in Fig. 5 , however, the absolute temperature Values are different. One reason for this difference is the copper cable connection between two semiconductors . Its thermal conductivity is high, so the BiSb would pump out the heat flux from the BiTe side through the copper cable. Because of this, the assumption of Eq. (7) is not suitable or the values of the Rint is not the same for the two semiconductors. The transport coefficients (thermoelectric power, electrical resistivity and thermal conductivity in this study) are temperature-dependent, so we should analyze a nonlinear equation.
IV. DISCUSSION AND CONCLUSION
Both the P-type BiTe and N-type BiSb semiconductors work below the temperature of liquid nitrogen, but their performances are different. In an actual current lead, the semiconductors are individually connected to the HTS component, and thus thermally insulated. This will simulate our experiment and the next experiments by inserting the HTS component into the cold side of the two semiconductors. With the thermal conductivity of HTS material only absent 0.1 % that of copper below 77 K, it will be easy to thermally insulated the two semiconductors even if we use only a short HTS component. We will also improve the shape of the semiconductors to take into account that the optimum currents of BiTe and BiSb are so different from each other, and that this reduces tlhe overall performance of the Peltier current lead.
The BiTe and BiSb materials were not optimized. BiTe is would have been most efficient around room temperature, and the BiSb sample was hand made with less than optimal for the doping material and density. Having used these multi-crystal materials, we should also consider using single-crystal material.
On the other hand, multi-crystal materials have been described with higher performance atomic ratios than Bi and Sb (88 % and 12 %). These materials have a magnetic field effect, and the magnetic field effect should improve overall performance.
With the high temperature on the hot side of the HTS material being brought down from 77 K by the semiconductors, its current capacity is increased and/or its stability improved. Using the parameters from the references, the temperature drop was calculated to have been 7 to 12 K for BiTe and BiSb at optimal currents. The drop in temperature is more effective to use HTS.
